A series of symmetrical, fluorescein-derived ligands appended with two derivatized 2methyl-8-aminoquinolines were prepared and spectroscopically characterized. The ligands FL2, FL2E, and FL2A were designed to improve the dynamic range of previously described asymmetric systems, and the copper complex Cu 2 (FL2E) was constructed as a trappable NO probe that is hydrolyzed intracellularly to form Cu 2 (FL2A). The ligands themselves are only weakly emissive, and the completely quenched Cu(II) complexes, generated in situ by combining each ligand with two equivalents of CuCl 2 , were investigated as fluorescent probes for nitric oxide. Upon introduction of excess NO under anaerobic conditions to buffered solutions of Cu 2 (FL2), Cu 2 (FL2E), and Cu 2 (FL2A), the fluorescence increased by factors of 23 ± 3, 17 ± 2, and 27 ± 3, respectively. The corresponding rate constants for fluorescence turn-on were determined to be 0.4 ± 0.2 min -1 , 0.35 ± 0.05 min -1 and 0.6 ± 0.1 min -1 . The
probes are highly specific for NO over other biologically relevant reactive oxygen and nitrogen species, as well as Zn(II), the metal ion for which similar probes were designed to detect.
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Introduction
Since the discovery that nitric oxide (NO) is the endothelium derived relaxation factor (EDRF) responsible for vascular smooth muscle dilation, [1] [2] [3] NO has been implicated as a biological signaling agent in a wide variety of physiological processes, ranging from roles in the immune system 4 to neurotransmission 5 to cardiovascular function. 6 Like any secondary messenger, regulation is key to maintaining homeostasis, and failure to regulate NO production is associated with pathologies including cancer, neurodegeneration, sepsis, and stroke. 6 In order to elucidate the exact function of nitric oxide in vivo, it is valuable to have sensitive, selective tools for its detection. There are many techniques available for NO sensing, such as colorimetry, chemiluminescence, electron paramagnetic resonance (EPR), and electrochemistry, 7 but the many advantages of fluorescence microscopy render it among the most valuable options to date. Fluorescent probes can be made to detect analytes of interest rapidly, directly, and selectively. When they are synthesized to be water soluble, non-toxic, and membrane permeable, they can enter living cells and report on the generation and translocation of the analyte. When chemistry occurs to turn them on or off, striking luminescent changes can ensue. The ability to track NO by fluorescence inside cells has the potential to revolutionize our understanding of its biology by supplying researchers with important information about the subcellular processes it affects. Toward this end, NO probes have been constructed out of small molecules, polymers, [8] [9] [10] [11] nanotubes, 12 proteins, 13 and even whole cells. 14, 15 Transition metal complexes have also been investigated as platforms for NO detection, 16 because NO can react directly and potentially reversibly with metal centers. 17 When designing metal-based turn-on fluorescent probes, either the paramagnetism of the metal or the heavy atom effect will serve to quench the fluorescence of an appended fluorophore. This task can be accomplished by incorporation of the fluorophore into the ligand such that it is in close proximity to the metal center. Restoration of fluorescence is accomplished either by removing the fluorophore from the metal, typically by metal-nitrosyl formation to displace the ligand, by reduction of a paramagnetic metal to a diamagnetic redox state, or both. Metal-based probes have been designed using a variety of ligand scaffolds, and a spectrum of metals that include Fe(II), 18, 19 Co(II), 18,20-22 Cu(II), [23] [24] [25] [26] [27] [28] [29] Ru(II), 30, 31 and Rh(II). 32, 33 Previously, we described the synthesis and application of a derivatized fluorescein, FL1 (Figure 1a ), which forms a 1:1 complex with Cu(II). This complex reacts with nitric oxide to evolve chemistry leading to fluorescence enhancement through nitrosation of the secondary amine on the ligand. 23 CuFL1 responds directly and selectively to NO, exhibiting a dramatic fluorescence enhancement. Although details of the intimate mechanism are still under investigation, the overall product of the reaction of CuFL1 with NO is the N-nitrosated ligand, FL1-NO, the species responsible for fluorescence turn-on ( Figure 1b ). In addition to being an excellent NO sensor in vitro, CuFL1 can detect endogenously produced NO in cell culture. 24, [34] [35] [36] [37] [38] [39] The probe has excellent biocompatibility, being water soluble, non-toxic, and cell membrane permeable. Because fluorescein is the emitter, CuFL1 is excited by relatively low energy light, and the emissive final product after reaction with NO is green. For CuFL1 be useful for experiments in biological tissues and animals, for which continual fluid perfusion is required, it must be retained within cells. Unfortunately, under perfusion conditions CuFL1 diffuses out of cells. The inability to retain the probe within cells under such conditions inspired the present work to create a trappable version. Several synthetic strategies were explored, and the most successful derivative was that in which two Cu(II) binding units, incorporating esters as the trappable moieties, were installed onto a xanthenone ring. The esters maintain the cell membrane permeability of the probes until inside the cell, at which point intracellular esterases hydrolyze the esters to produce negatively charged carboxylate func-tionalities. 40 The negative charge prevents the probe from re-crossing cell membranes, rendering it trapped within the cell.
Herein we report the synthesis and photophysical characterization of three new ligands, FL2, FL2E, and FL2A. These symmetrical, second-generation ligands are based on FL1, and FL2E employs the ester/acid strategy for cell-trappability. Their copper(II) complexes, generated in situ, respond quickly and selectively to nitric oxide over other biologically relevant reactive oxygen and nitrogen species (RONS).
As described elsewhere, the probes have detected NO production in stimulated mouse brain olfactory bulb tissue slices. 41
Experimental Section
Synthetic Materials and Methods. Anhydrous methanol (Aldrich) was used as received. 8-Aminoquinaldine, 42 4',5'-fluoresceindicarboxaldehyde, 43 High-resolution mass spectra were measured by staff at the MIT Department of Chemistry Instrumentation Facility (DCIF).
2-{6-Hydroxy-4,5-bis[(2-methylquinolin-8-ylamino)methyl]-3-oxo-3H-xanthen-9-yl}benzoic acid
(1, FL2). 4',5'-Fluoresceindicarboxaldehyde (115 mg, 296 μmol) and 8-aminoquinaldine (107 mg, 676 μmol) were suspended in methanol (12 mL) and stirred at room temperature for 1 h. as the standard. 44 Nitric oxide was purchased from Airgas and purified as previously described. 45 H support a tetrahedral geometry, its hard donor atoms, and the reduced affinity of the nitrosated amine for copper. 23, 24 Moving from FL1 to a symmetric scaffold offers two main advantages. Firstly, it avoids the more laborious synthesis of 7'-chloro-4'-fluorescein carboxaldehyde in favor of the simpler symmetric variant. 46, 47 Secondly, symmetric ligands tend to have lower fluorescence quantum yields than their asymmetric derivatives, probably because of the extra lone pair(s) of electrons, one of which is delocalized over the aminoquinoline unit, available for PeT quenching of the excited fluorophore. 48 perturbation of the xanthenone ring π-system, which occurs when Cu(II) binds to the phenolic oxygen atoms of fluorescein.
NO Reactivity of the Copper-Ligand Complexes.
The free ligands, FL2, FL2E, and FL2A emit with maxima at 515, 522, and 516 nm, respectively, and undergo minimal changes upon binding Cu(II). The quantum yields of the ligands are 0.74 ± 0.05%, 0.37 ± 0.05% and 1.8 ± 0.2% for FL2, FL2E, and FL2A, respectively. By comparison, the quantum yield for FL1 is 7.7 ± 0.2%. Because the extinction coefficients of the symmetric ligands are also lower than that of FL1, incorporation of a second quench- ing unit brings about a striking decrease in brightness for the free ligand, where brightness is ε x Φ. Coordination to Cu(II) does not appreciably alter the quantum yields of the ligands (Table 1) , whereas significant (18 ± 3%) quenching occurs when FL1 binds Cu(II). This result suggests that the additional quenching provided by the second aminoquinoline unit compensates for that provided by coordination to a paramagnetic center. Buffered solutions of probes generated in situ by combining CuCl 2 and ligand in a 2:1 ratio exhibit significant fluorescence enhancements relative to that of the initial copper complexes when exposed to excess NO under anaerobic conditions (Figure 2, Tables 1) . In all cases, the fluorescence enhancement matches (Cu 2 (FL2E)) or greatly exceeds (Cu 2 (FL2) and Cu 2 (FL2A)) that of CuFL1 (Table 1 ). Accompanying the fluorescence enhancement is a red-shift of the emission maxima to 526 nm for all probes, which is consistent with formation of the free, N-nitrosated derivatives of the ligands. 23, 24 Also consistent with N-nitrosation are the increased quantum yields of the final solutions after complete reaction with NO ( Table 1 ). The reaction of the probes with NO can also be monitored by the change in absorption over time. Probe solutions exposed to NO under anaerobic conditions were monitored over the course of an hour, during which time the λ max value red-shifted to 504 nm for all probes ( Figure S2 ).
Kinetics of NO reactivity. The approximate rate of fluorescence enhancement upon reaction of the probes with NO was determined using the fluorescence data from the previous section. The reaction occurs in two kinetic phases, characterized by a pre-equilibrium of Cu(II) binding and then an irreversible reaction of the Cu(II) complex with NO (eq. 1). The reaction for each probe with NO was monitored multiple times by fluorescence, and the plots of the fluorescence enhancement over time were fit to the expression y = Ae (-x/t) + y 0 to obtain k fluor (Figure 3 ). This analysis gave estimates for the rate constants of NO reactivity of 0.4 ± 0.2 min -1 , 0.35 ± 0.05 min -1 and 0.6 ± 0.1 min -1 for Cu 2 (FL2), Cu 2 (FL2E) and
(1) 2 Cu(II) + FL2 Cu(II) 2 FL2 FL2-(NO) 2 + 2 Cu(I) k on k off 2 NO, k fluor Cu 2 (FL2A), respectively. A more detailed kinetic and mechanistic analysis is in progress and will be reported elsewhere.
Probe selectivity. The reaction of the probes with NO is not limited to the gaseous form of the molecule. A fluorescence response is also observed when the probes are exposed to S-nitrosothiols such as Snitroso-N-acetyl-DL-penicillamine (SNAP, Table 2 ). Because of the diversity of NO reactions under biological conditions, it is imperative that NO probes are selective for molecule itself and not its oxidation products, including NO 2 and NO 3 -, products of NO reactions, including ONOOand HNO, or other (Figure 4 , Table 2 ). This result is consistent with the chemistry of the first generation probe CuFL1 23, 24 50 The first set of pK a values were obtained by fitting the UV-vis data ( Figure S3 ), revealing values of ~7.0 and ~ 5.9 for FL2 and FL2A, respectively. Because there are multiple protonation sites on each ligand, but only one pK a value was obtained from the absorption titration, the numbers represent an average pK a for each ligand. The second set of pK a values were returned by fitting the fluorescence data ( Figure S4) . Three values were obtained for each ligand.
The first, ~7.3 and ~7.9 for FL2 and FL2A, respectively, is attributed to protonation of the secondary amine nitrogen atoms. 48 Because protonation breaks the symmetry of the ligand, there should be two pK a values in these regions. The first fluorescence value should therefore be treated as an apparent pK a . The second fluorescence pK a value, ~5.9 and ~ 6.2 for FL2 and FL2A, respectively, corresponds to the maximum of the titration curves and can be attributed to protonation of the quinoline ring. The third fluorescence pK a value, which is most likely a combination of fluorescein carboxylic acid protonation and lactonization events, is 5.0 and 4.9, for FL2 and FL2A, respectively. It was determined by fitting the fluorescence plots from ~ pH 6 (the maxima) to the lowest pH values.
Excess Zn(II) Does Not Turn on the Cu(II)-Ligand Complexes. Zinc ions are ubiquitous in biol-
ogy, providing structural support and performing catalytic roles in a variety of proteins. 51 In such proteins, Zn(II) is tightly bound and, in general, intracellular zinc concentrations are closely regulated by Zn(II)-specific transporters, such as ZnT-3, and Zn(II)-binding proteins, such as metallothionein (MT). 52 Through NO reactivity it is possible for Zn(II) to be released from proteins. For example, NO nitrosates the Zn(II)-binding cysteines in MT, which results in loss of Zn(II) from the protein and an increase in local Zn(II) concentration. 53 The design of CuFL1 probe is similar to that of the Zn(II) probe QZ1, which contains a similar N 2 O metal-binding pocket. 48 QZ1 binds Zn(II) selectively over Na(I), Ca(II), Mg(II), Mn(II), Fe(II), Co(II), Cd(II) and Hg(II); however, Ni(II) and Cu(II) compete, a result obtained from an experiment using a 50:1 M(II):QZ1 ratio. We therefore considered, in the present context, whether excess Zn(II) might displace Cu(II) from the probes, thereby causing fluorescence enhancement. To investigate this possibility, the fluorescence of the probes was monitored before and after the addition of ZnCl 2 (Figure 6 ). For 1 µM concentrations of all three probes, negligible fluorescence enhancement was observed up to ~ 100
µM Zn(II). For Cu 2 (FL2) and Cu 2 (FL2E), the Zn(II)-induced fluorescence enhancement remains minimal even at millimolar concentrations of ZnCl 2 . For Cu 2 (FL2A), millimolar concentrations of Zn(II) induced a modest (~ 8-fold) fluorescence enhancement, but one that is still less than one-third of that produced by NO. These data indicate that excess Zn(II) will not interfere with the NO-sensing properties of the Cu-FL probes in live cell or other applications.
Summary
The synthesis and spectroscopic characterization of the fluorescein-based Cu(II) binding ligands FL2, FL2E, and FL2A are reported. These symmetrical constructs exhibit superior photophysical properties for NO sensing compared to the asymmetric FL1 probe. They are much less emissive in the off state (φ = 0.74 ± 0.05%, 0.37 ± 0.05%, and 1.8 ± 0.2% for FL2, FL2E, and FL2A, respectively, compared to 7.7 ± 0.2% for FL1) and therefore have larger dynamic ranges upon reaction with NO. The probes maintain their selectivity for NO over other biologically relevant RONS, and Zn(II) cannot displace Cu(II) to elicit a fluorescent response. The kinetics of NO-induced fluorescence enhancement was investigated, and approximate pseudo-first-order rate constants of 0.4 ± 0.2 min -1 , 0.35 ± 0.05 min -1 , and 0.6 ± 0.1 min -1 were obtained for reactions of Cu 2 (FL2), Cu 2 (FL2E), and Cu 2 (FL2A) with NO, respectively, indicating that substitution of the aminoquinaldine unit does not significantly alter the rates. 
